Candida albicans N-acetylglucosaminylphosphatidylinositol de-N-acetylase (CaGpi12) recognises N-acetylglucosaminylphosphatidylinositol (GlcNAc-PI) from Saccharomyces cerevisiae and is able to complement ScGPI12 function. Both N-and C-terminal ends of CaGpi12 are important for its function. CaGpi12 was biochemically characterised using rough endoplasmic reticulum microsomes prepared from BWP17 strain of C. albicans. CaGpi12 is optimally active at 30
INTRODUCTION
Glycosylphosphatidylinositol (GPI)-anchored proteins are present in all eukaryotes and perform a wide range of functions (Paulick and Bertozzi 2008) . In Candida albicans, a human pathogenic fungus, GPI-anchored proteins are involved in many functions including adhesion, virulence and pathogenesis (Richard and Plaine 2007) . Loss of GPI-anchored proteins affects cellular morphology as well as virulence properties of this organism (Richard et al. 2002; Victoria, Kumar and Komath 2010; Yadav et al. 2014) .
GPI anchor biosynthesis occurs in the endoplasmic reticulum (ER). The core GPI structure is conserved in most eukaryotic systems studied till date and is composed of NH 2 CH 2 CH 2 PO 4 H6Manα1-2Manα1-6Manα1-4GlcNα1-6D-myo-inositol-1-HPO 4 -lipid, where the lipid can be diacylglycerol, alkylacylglycerol or ceramide (Fujita and Kinoshita 2010) . Further modifications of the GPI structure occur in a species-specific and tissue-specific manner. Once generated, the GPI anchor precursor is transferred en bloc to the C-terminal end of proteins that carry the appropriate signal sequence (Fujita and Kinoshita 2010) . GPI anchor biosynthesis begins by the transfer of N-acetylglucosamine (GlcNAc) from UDP-GlcNAc on to phosphatidylinositol (PI) to generate GlcNAc-PI, the first intermediate of the pathway. The second step of this pathway involves conversion of N-acetylglucosaminylphosphatidylinositol (GlcNAc-PI) to glucosaminylphosphatidylinositol (GlcN-PI) and is catalysed by a single-subunit membrane-bound enzyme, Gpi12/PIG-L, whose catalytic domain faces the cytoplasm (Doering et al. 1989; Nakamura et al. 1997; Watanabe et al. 1999) .
GPI12 is reported to be essential for survival of Saccharomyces cerevisiae (Watanabe et al. 1999) and Trypanosoma brucei (Chang et al. 2002) but not for Leishmania major (Almani et al. 2016) . RNAi-mediated inhibition of PIGL in Entamoeba histolytica leads to reduced GPI molecules over the cell surface, reduced proliferation, endocytosis and adherence to target cells (Vats et al. 2005) . Similarly, RNAi-mediated inhibition of GPI12 in Colletotrichum graminicola, a plant pathogen, showed reduced growth rate, sporulation, defective cell wall and vegetative hyphal growth (Oliveira-Garcia and Deising 2016) . PIGL is not found to be essential for the mammalian cell line (Nakamura et al. 1997) but germline mutations in PIGL lead to CHIME syndrome characterised by heart defects, mental retardation and ear abnormalities (Ng et al. 2012) . Transcriptional silencing of PIGL due to hypermethylation is observed in Burkitt's lymphoma (Hu et al. 2009 ).
Biochemical characterisation of Gpi12/PIG-L protein has been a challenge. Being an ER-localised membrane protein, isolation and purification of the full-length protein has been very tough. Furthermore, there are no commercially available substrates for this enzyme. Some studies have used cell-free lysates while a smaller number of studies have used the full-length protein purified to different extents to characterise the catalytic activity of Gpi12/PIG-L (Watanabe et al. 1999; Milne et al. 1994; Smith et al. 2001; Urbaniak et al. 2005) . In these studies, the enzyme has been assayed either by incubating the cell lysate with [6- 3 H]GlcNAc-PI or substrate analogue or an indirect assay which detects [6-3 H]Man on GPI precursors formed as a result of GlcN-PI processing. Such studies have illustrated that the parasitic homologues vary considerably from their mammalian counterparts in terms of substrate specificity (Sharma et al. 1999; Smith et al. 2001) . These species-specific differences have been exploited to design inhibitors against T. brucei (Smith et al. 2001) and Plasmodium falciparum (Smith et al. 2002) . More recent work has identified salicyclic hydroxyamic acid as a potent inhibitor of trypanosomal de-N-acetylase (Urbaniak et al. 2014) .
No crystal structure of any of the functional homologues of PIG-L/Gpi12 from eukaryotes is available yet. However, some crystal structures of bacterial sugar de-N-acetylases are available. These include, for example, structures of MshB, a deacetylase involved in mycothiol biosynthesis of Mycobacterium tuberculosis, and LpxC, a de-N-acetylase involved in the biosynthesis of lipid A in Escherichia coli, both Zn-dependent enzymes (Whittington et al. 2003; McCarthy et al. 2004 ) which provided evidence for the role of histidine and aspartate residues of the AHADD and HXXH motifs in metal ion coordination. Similarly, a metal-free crystal structure of TT1542 from T. thermophillus, a hypothetical protein with unknown function and a PIG-L homologue, is available (Handa et al. 2003) which too shows the presence of conserved motifs, HPDDE and HXXH as well as other conserved residues that are typical of the PIG-L family of deacetylases.
The present manuscript presents a characterisation of Gpi12 from a human pathogenic fungus, C. albicans. We show that CaGpi12 is a metal-dependent enzyme with optimal activity at pH 7.5 and 30
• C temperature. Loss of CaGPI12 leads to loss of de-N-acetylase activity, cell death and altered cellular morphology. Complementation studies using a ScGPI12 knockdown mutant shows that CaGpi12 complements ScGpi12 functionality. ScGPI12 too complements a CaGPI12 knockdown mutant. Mutations in the conserved HPDDE motif and in the HXXH motif significantly affect the function of CaGpi12.
Experimental procedures

Materials
Radioactive UDP[6-3 H]GlcNAc was purchased from American Radioactivity Corporation. CFW, Nikkomycin Z, Congo red, BCA kit and acetic anhydride were purchased from Sigma-Aldrich (USA). LB, yeast extract, peptone and other media components were purchased from Hi-Media. All enzymes, dNTPs and DNA molecular weight markers were purchased from Fermentas or Bangalore GeneI. Pfu Turbo DNA polymerase was purchased from Agilent. Glass beads were purchased from Unigenetics. DNA gel extraction kit was purchased from Qualigens. Salts, Tunicamycin, ECL kit and TLC plates were purchased from Merck Millipore (Germany). Amino acids were purchased from Sisco research laboratories (SRL). DNA sequencing was carried out by Xcelris Genomics. Anti-phospho p38 antibody was purchased from Santa Cruz Biotechnology, p44/p42 MAPK antibody was purchased from Cell Signalling, anti-glucose-6-phosphate dehydrogenase (G6PDH) and HRP-conjugated anti-rabbit antibodies were purchased from Sigma-Aldrich. PVDF membrane was purchased from MDI. All other chemicals were obtained either from SRL, Merck Millipore or Sigma-Aldrich.
Strains and growth conditions
All the strains used in this study are mentioned in Table S1 (Supporting Information). All primers used in this study are given in Table S2 (Supporting Information). Bacterial strains were grown in LB medium containing ampicillin at 37 • C. Saccharomyces cerevisiae strains were grown at 30
• C either in YEPD or in minimal medium (0.67% YNB, 1.5% sucrose, 2% galactose or glucose and 0.2% appropriate amino acid dropout mixture). Candida albicans strains were derived from BWP17 and were grown at 30
• C either in YEPD or in SD minimal medium (0.67% YNB, 2% glucose and 0.2% appropriate amino acid dropout mixture).
For the expression or repression of the gene placed under the MET3 promoter, conditional null was grown in either permissive (Met-/Cys-) or repressive (2.5-10 mM Met+/Cys+) SD minimal medium, respectively.
Cloning of CaGPI12 and generation of mutants
The CaGPI12 gene was amplified from the genomic DNA of CAI4 strain and cloned between BamHI and MluI restriction sites in YepHIS vector using CaGPI12-BamH1 FP and CaGPI12-Mlu1 RP. Transmembrane deleted mutants (wherein 78 bases corresponding to first 26 amino acids or 309 bases corresponding to last 103 amino acid or both have been deleted) were also similarly cloned in YepHIS vector using CaGPI12-27 FP and CaGPI12-250 RP. Subsequently, full-length CaGPI12 was cloned at PstI restriction site in pEGFP vector. The CaGPI12 heterozygous was generated by disrupting one allele with HIS1 by a PCR-mediated approach using CaGPI12-HIS1 FP and CaGPI12-HIS1 RP by the lithium-acetate (LiAc) method (Walther and Wendland 2003) . The CaGPI12 conditional null was made by replacing its native promoter with MET3 promoter by using the pMET3-GFP-URA3 cassette (Care et al. 1999; Gerami-Nejad et al. 2004 ) that was amplified using CaGPI12-URA3 FP and CaGPI12-MET3 RP primers (Victoria, Kumar and Komath 2010) . The integration of the gene was confirmed using CaGPI12-Up FP (locus upstream to gene) and CaGPI12-250 RP (internal locus). Control strains, BWP17-P ADH1 -GFP and Cagpi12/CaGPI12-P ADH1 -GFP were made by integrating pEGFP vector (carrying URA3 marker) at the RPS1 locus in BWP17 and CaGPI12 heterozygous strain, respectively (data not shown).
To generate site-directed mutants, the wild-type CaGPI12 was cloned in pEGFP vector and site-directed mutagenesis was carried out as described previously (Ashraf et al. 2013) . Residues of the HPDDE and HPNH motifs were individually mutated to alanine by primers that incorporated the necessary mutation. As pEGFP vector also contains URA3 as selection marker, the URA3 of the pMET3-GFP-URA3 cassette was disrupted with ARG4 using primers CaGPI12-ARG4 FP and CaGPI12-ARG4 RP. The disruption was confirmed using CaGPI12-Up and MET3 RP primers. One allele of CaGPI12 was then re-introduced by transforming with pEGFP-CaGPI12. The vector control strain (Cagpi12/P MET3 -CaGPI12-P ADH1 -GFP) was made by transforming with pEGFP alone (data not shown). Integration of pEGFP-CaGPI12 at the RPS1 locus was confirmed by PCR using genomic DNA as template and gene-specific CaGPI12-Pst1 FP and RPS1 internal locus RP primers.
Complementation of ScGPI12 by CaGPI12
Functional complementation for CaGPI12 was done as described previously for EhPIG-L (Ashraf et al. 2011) . YepHIS-CaGPI12 (a yeast expression vector carrying CaGPI12) was used to transform YPH-GAL1-ScGPI12 (YPH-500 haploid strain, in which the native promoter of ScGPI12 is replaced with GAL1), and the colonies obtained were screened for Leu prototrophy and confirmed by colony PCR. YepHIS alone was used to transform YPH-GAL1-ScGPI12 to obtain the vector control. The transmembrane deleted mutants of CaGPI12 were similarly generated.
Complementation of CaGPI12 by ScGPI12
A construct carrying ScGpi12, pEGFP-ScGPI12, was generated. Saccharomyces cerevisiae GPI12 was amplified from the genomic DNA of S. cerevisiae YPH501 strain using ScGPI12-Pst1 FP and ScGPI12-Nhe1 RP. Like pEGFP-CaGPI12, pEGFP-ScGPI12 construct was transformed into CaGPI12 conditional null mutant and integration was confirmed. Cagpi12/P MET3 -CaGPI12-P ADH1 -GFP (CaGPI12 conditional null carrying pEGFP vector) was used as a vector control. A codon-optimised variant of ScGPI12 was also used to transform CaGPI12 conditional null (Cagpi12/P MET3 -CaGPI12) and screened by PCR using the genomic DNA as template. For generating the codon-optimised variant, the CUG codons present at 25, 78 and 234 positions in ScGPI12 were replaced sequentially by site-directed mutagenesis to CUA codons using three sets of forward and reverse primers.
Preparation of microsomes from S. cerevisiae and substrate generation for de-N-acetylase activity Crude membranes were prepared by the ultracentrifugation method using standard protocols (Orlean 1987 ) with minor modifications. The substrate for de-N-acetylase assays was generated using previously reported protocols (Doering et al. 1989; Watanabe et al. 1999 
Preparation of microsomes from C. albicans
Microsomes from C. albicans were prepared using a standard rough ER (RER) precipitation protocol (Kappeli, Sauer and Fiechter 1982) with minor modifications. Briefly, 400 ml secondary culture was inoculated with 2% saturated primary culture. Cells were pelleted down and washed with TM buffer (TrisHCl buffer, pH 7.5, containing 2 mM MgCl 2 ). Cells were resuspended in 4 ml cold TM buffer and lysed by vortexing for 30 s followed by incubation on ice for 30 s for 24 times. The cell lysate obtained was centrifuged at 1000 × g, 4
• C. The supernatant was then centrifuged at 12,000 × g, 4
• C and the postmitochondrial fraction (PMF) obtained was taken in a beaker. To this, 30 ml of 8 mM CaCl 2 (7.5 volume of PMF obtained) was added in a dropwise manner at constant stirring in cold conditions. After adding CaCl 2 , it was left for stirring for another 20 min. It was then centrifuged at 8000 × g, 4
• C to obtain RER rich pellet. The pellet was resuspended in cold TMG buffer (TM buffer containing 10% glycerol). Microsomes were aliquoted and freezed under liquid nitrogen and stored at -80 • C until further use.
Protein estimation
Protein estimation in the microsomes was done using BCA kit according to manufacturer's protocol. Microsomes corresponding to equal total protein concentration were used for the assays.
De-N-acetylase assay
De-N-acetylase activity was monitored as described previously (Ashraf et al. 2011) To study the pH profile, microsomes were made in 50 mM Tris-HCl buffer (pH 7.5) but the final resuspension was done in 100 mM Tris-HCl buffer of pH 7.5 or pH 8.5 or 100 mM Sodium acetate buffer of pH 3.5, 4.5, 5.5 or 6.5. These microsomes corresponding to equal total protein concentration were incubated with the substrate at 30
• C for 6 h. Glycolipids were extracted as before and run on HPTLC.
Generation of site-directed mutants
Site-directed mutagenesis was carried out as described previously (Ashraf et al. 2013) . Site-directed mutants were generated using primers carrying site-specific mutations and pEGFPCaGPI12 as template. The mutations were confirmed by DNA sequencing.
Propidium iodide staining and flow cytometric analysis
To test the viability of CaGPI12 mutants, PI staining was done as described previously (Singh et al. 2016) . Briefly, primary cultures of BWP17-P ADH1 -GFP, Cagpi12/P MET3 -CaGPI12 and Cagpi12/P MET3 -CaGPI12-P ADH1 -CaGPI12 were grown overnight in SD (U-M-C-) medium at 30
• C. Secondary cultures were grown in SD (U-M+C+) medium. From secondary cultures, equal number of cells (O.D 600nm ∼ 2.0) were taken, washed twice with PBS and then resuspended in 1 ml PBS each. To this, 5 μg/ml propidium iodide was added and incubated at 30
• C for 15 min under dark conditions. After staining, cells were washed thrice with PBS and resuspended in PBS. Heat-killed BWP17-P ADH1 -GFP cells were used as positive control. Flow cytometry was done as described previously (Singh et al. 2016) .
Growth rate analysis
Growth rate analysis was done as described previously (Victoria, Kumar and Komath 2010) . Briefly, primary cultures of BWP17-P ADH1 -GFP and CaGPI12 conditional null were grown overnight at 30
• C, 220 rpm in permissive conditions (U-M-C-).
Cells corresponding to OD 600nm ∼ 0.2 were inoculated in 50 ml fresh media in repressive conditions (5 mM Met/Cys; U-M+C+). OD 600nm was then monitored every 2 h until saturation. Growth curves were then plotted using OD 600nm vis-à-vis time and the doubling times were calculated from the log phase of the growth curves.
Spot assays
Spot assays were done as described previously (Victoria, Kumar and Komath 2010) . Briefly, from secondary cultures grown for 5 h, cells corresponding to O.D 600nm ∼ 0.1 were taken and 5-fold serial dilutions were made with 0.9% saline. Five microlitres of each dilution were then spotted on SD minimal media plates in the absence or presence of cell wall perturbing agents or drugs or salts.
CFW staining
CFW staining was done as described previously (Victoria, Kumar and Komath 2010) . Briefly, mid-log phase cells were washed with PBS. Cells corresponding to O.D 600nm ∼ 0.2 were taken and stained with 100 μg CFW/ml for 30 min under dark conditions. Cells were then washed with PBS and finally resuspended in 20 μl of 50% glycerol. Five microlitres of it was spotted on a clean glass slide and visualised under a microscope (Olympus IX71) using the 405 nm laser.
Filamentation analysis
Filamentation analysis was done as described previously (Victoria, Kumar and Komath 2010). Briefly, from saturated primary cultures, secondary cultures were grown in minimal medium at 30
• C, 220 rpm. Cells corresponding to OD 600nm ∼ 0.1 were resuspended in 0.9% saline. This sample was then spotted (10 μl) on solid Spider medium and incubated at 37
• C. Hyphae formation at the edges of the colonies was visualised under Nikon Eclipse TiS microscope at ×5 magnification. For analysis in liquid media, cells from saturated primary cultures corresponding to OD 600nm ∼ 0.2 were inoculated in 10 ml Spider medium at 37
• C, 220 rpm.
Volumes of 500 μl cultures were taken out every 30 min, washed with PBS and resuspended in 50 μl of 50% glycerol for viewing under the microscope.
Cyclic AMP/PKA activity assay
To study Ras signalling in BWP17-P ADH1 -GFP and Cagpi12/P MET3 -CaGPI12, PKA activity assays were performed as described previously (Singh et al. 2016) .
Western blotting to detect altered PKC pathway and HOG1 pathway
Alteration in PKC-dependent cell wall integrity pathway and HOG1 pathway was monitored by western blot using phosphorylated-p44/p42 MAPK and anti-phospho-p38 MAPK antibodies, respectively, as described previously (Singh et al. 2016) .
Rhodamine 6G influx assay
Rhodamine 6G (R6G) influx was monitored in BWP17-P ADH1 -GFP and Cagpi12/P MET3 -CaGPI12 as described previously (Singh et al. 2016) . Briefly, cells grown to mid log phase in SD minimal media in permissive (U-M-C-) and repressive (U-M+C+) conditions were pelleted down and washed thrice with PBS. Cells were then resuspended and incubated in de-energisation buffer (5 mM dinitrophenol and 5 mM 2-deoxy-D-glucose in PBS) at 30
• C. After 2 h of incubation, cells were pelleted down, resuspended in PBS and R6G was added to a final concentration of 10 μM before incubation at room temperature under dark conditions. Aliquots of 1 ml were taken at different time intervals, centrifuged and the absorbance at 527 nm measured for the supernatant. This allows estimation of R6G that remained in the medium at these time points.
Transcript levels using RT-PCR
From cultures in the log phase of growth, RNA was isolated and cDNA was prepared as described previously (Singh et al. 2016) . Real-time PCR was performed using SYBR green PCR master mix and gene-specific primers. Relative changes in mRNA transcripts were calculated as 2 − Ct using GAPDH as the internal control and are reported here as the fold-change of the transcript levels in the mutants relative to the wild-type controls.
Sterol analysis using GC-MS
Whole membrane sterols were extracted and analysed by GC-MS as described previously (Victoria et al. 2012) .
Statistical analysis
The statistical significance of the data was calculated using Student's t-test. Differences were considered statistically significant at P value ≤ 0.05. The P values are represented by asterisks in the figures with following notations, * , P ≤ 0.05, * * , P ≤ 0.01, * * * , P ≤ 0.001.
RESULTS
CaGPI12 complements ScGPI12 function and requires N-as well as C-terminal hydrophobic stretches to function
The CaGPI12 sequence was retrieved from the Candida genome database (www.candidagenome.org) which shows a single copy of the gene on Chr 1 in C. albicans SC5314 genome. CaGPI12 encodes a putative protein of 354 amino acids with a molecular weight of ∼42 kDa. At the protein level, CaGpi12 shows 31% identity with the human homologue (PIG-L) and 30% identity with its yeast homologue, ScGpi12 (Fig. S2 , Supporting Information). CaGpi12 is roughly 50 residues longer than ScGpi12. Hydrophobic analysis using the transmembrane prediction tool, TMHMM (http://www.cbs.dtu.dk), predicted three short hydrophobic stretches: one at the N-terminus and two at the C-terminus (Fig. 1Ai) while ScGpi12 has only one putative transmembrane segment predicted by TMHMM (Fig. 1Aii ). To examine whether this level of similarity was sufficient to conserve function, functional complementation studies were done in S. cerevisiae using a conditionally lethal haploid S. cerevisiae strain, YPH-GAL1-ScGPI12, previously generated in the lab (Ashraf et al. 2011) . YepHIS yeast expression vector carrying CaGPI12 (YepHIS-CaGPI12) was used to transform YPH-GAL1-ScGPI12. YepHIS vector alone was also used to transform the same strain to serve as a control strain. The GAL1 promoter used in this vector allows selective expression of the downstream gene in the presence of galactose and its repression in the presence of glucose (Flick and Johnston 1990) . Hence, in the presence of galactose, ScGPI12 is expressed and growth is normal while in the presence of glucose, ScGPI12 expression is shut down and growth is repressed since it is an essential gene in S. cerevisiae (Watanabe et al. 1999) . CaGPI12 is able to rescue the growth defect of the ScGPI12 conditional null strain as compared to the control strain carrying the YepHIS vector alone, suggesting that CaGPI12 functionally complements ScGPI12 (Fig. 1Bi) . This was confirmed by de-N-acetylase activity assays as well (Fig. 1Bii) . As expected, in galactose, the strains carrying YepHIS and YepHIS-CaGPI12 show activity roughly equivalent to the conditional null strain. In glucose, the strain carrying YepHISCaGPI12 shows higher activity than the conditional null and YepHIS control strains, suggesting that CaGpi12 could complement the function of ScGpi12. The ability of transmembrane deleted mutants to complement the function of ScGpi12 was also tested. Deletion mutants were made lacking the hydrophobic stretch either at the N-terminus (YepHIS-N-CaGPI12) or C-terminus (YepHIS-CCaGPI12) or both (YepHIS-N C-CaGPI12) as shown in Fig. 1Ai . None of the constructs could restore the growth defect of the ScGPI12 conditional null strain (Fig. 1C) , suggesting that both the N-and C-termini are important for the function or conformational stability of CaGpi12.
The C. albicans microsomes exhibit de-N-acetylase activity
In vitro expression of CaGpi12 and its purification from bacterial as well as yeast systems was unsuccessful (data not shown). Hence, to establish an assay for CaGpi12, RER microsomes prepared from C. albicans BWP17 strain were tested for de-N-acetylase activity using [ (Fig. 1Dii) . Using the [6-3 H]GlcNAc-PI extracted from C. albicans was not a practical option given the extremely low yields of the substrate that we obtained in all our attempts.
CaGpi12 is a metal-dependent enzyme that is optimally active at 30
• C and pH 7.5
De-N-acetylase assays with RER microsomes were performed at different temperatures and pH conditions. CaGpi12 showed significant activity at both 30 and 37
• C temperatures, although it was maximally active in a range of 20-30
• C ( Fig. 2A) . At 50
• C the protein's activity decreased drastically suggesting that the protein was thermally unstable at these temperatures. Further, CaGpi12 is optimally active at pH 7.5 (Fig. 2B) . Due to the presence of high amounts of Ca 2+ in the RER preparations, these could not be used for studying the metal ion specificities of the enzyme. Hence, metal dependence studies were done using the PMF as described in Experimental Procedures section. and Zn 2+ had no significant effect (Fig. 2C ). Due to solubility issues, only micromolar concentrations of Zn 2+ were used in these assays. Treatment of PMF with increasing concentrations of EDTA leads to a decrease in protein activity (Fig. 2D) . The activity lost upon treatment with 10 mM EDTA was not regained upon addition of 50 mM of MgCl 2 (Fig. 2D ).
CaGPI12 is essential for C. albicans viability and de-N-acetylase activity
To study the effect of the deletion of CaGPI12 on cell growth and morphology, CaGPI12 mutants were created. The Cagpi12/CaGPI12 mutant (CaGPI12 heterozygous strain) was created by disrupting one allele with HIS1 nutritional marker in BWP17 strain of C. albicans. The conditional null mutant of CaGPI12 (Cagpi12/P MET3 -CaGPI12) was made by replacing the native promoter of the only surviving allele with the MET3 promoter ( Fig. S3A and B, Supporting Information). Protein expression from the MET3 promoter is repressed by Met/Cys in the growth medium (Care et al. 1999) . Since the conditional null strain carried a URA3 selection marker, which is known to affect growth and morphology of the organism, BWP17 strain transformed with a vector carrying the URA3 gene (BWP17-P ADH1 -GFP or BWP17-P ACT1 -GFP) was used as the wild-type control for these studies. Growth rate for the CaGPI12 heterozygous strain was similar to that of the wild-type strain, BWP17 (Fig. S3C , Supporting Information; Table 1 ). The CaGPI12 conditional null strain under permissive conditions too showed no growth defects relative to the wild-type strain grown under similar conditions (Fig. S3D , Supporting Information). However, under repressive conditions it showed significant growth defects (Fig. 3A) with a doubling time of 252 min compared to 195 min for the wild-type strain, BWP17-P ADH1 -GFP (BWP17-URA3) ( Table 1 ). The CaGPI12 conditional null strain also showed growth defects on solid media under repressive conditions (Fig. 3B) .
The viability of the CaGPI12 conditional null strain was also examined. Cells stained with propidium iodide were analysed by flow cytometry. A heat killed sample of BWP17-P ADH1 -GFP was used as a positive control for this purpose. The cells of CaGPI12 conditional null (Cagpi12/P MET3 -CaGPI12) grown in repressive conditions tended to pick up a lot more propidium iodide stain than the wild-type control strain (BWP17-P ADH1 -GFP), suggesting that CaGPI12 was essential for the viability of 
The doubling times are calculated from two independent experiments done in duplicates. The P values for the mutants were calculated with respect to wildtype controls grown under similar conditions.
C. albicans (Fig. 3C) . The effect was specifically due to loss of CaGpi12, since the CaGPI12 reconstituted strain (Cagpi12/P MET3 -CaGPI12-P ADH1 -CaGPI12) was viable and poorly stained with propidium iodide. Microsomes prepared from the wild-type as well as mutant strains were tested for de-N-acetylase activity. De-N-acetylase activity was lower in the CaGPI12 conditional null strain relative to the wild-type controls (Fig. 3D) . Thus, CaGPI12 codes for a GlcNAc-PI de-N-acetylase in C. albicans that is important for the growth and viability of the organism.
CaGPI12 is required for C. albicans normal cell wall architecture
The CaGPI12 conditional null showed sensitivity to cell wall perturbing agents such as CFW, Congo red and Nikkomycin Z (Fig.  S4A , Supporting Information). It had higher chitin levels in its cell wall and a greater tendency to clump as compared to the wild type ( Fig. S4B and C, Supporting Information) . Further, it showed an upregulation of the cell wall integrity pathway (Fig.  S4D, Supporting Information) .
The CaGPI12 mutants were also tested for their sensitivity to azoles. The heterozygous strain showed no difference in its sensitivity to azoles as compared to the wild-type strain (Fig. 4A) . The conditional null strain under repressive conditions, on the other hand, shows a mild resistance to azoles (Fig. 4A) . Since Erg11, the lanosterol demethylase in the ergosterol biosynthetic pathway is the target of azoles (Hitchcock et al. 1990) , the transcript levels of ERG11 were examined in the CaGPI12 mutants. It was seen that this gene was upregulated by nearly 6-fold in the CaGPI12 conditional null strain under repressive conditions (Fig. 4B) . A similar upregulation of ERG11 has been reported in other GPI biosynthetic mutants of C. albicans such as CaSMP3 and CaGPI14 mutants (Victoria et al. 2012; Singh et al. 2016) . At first glance this seems surprising since only a mild resistance to azoles is seen. Since the conditional null strain under repressive conditions has cell wall defects, we wondered whether higher levels of the drug entered this mutant strain. In order to test this, R6G influx assays were done. It may be worth pointing out that the influx of both azoles and R6G involves passive diffusion (Mansfield et al. 2010) . Much higher levels of R6G appeared to enter the conditional null strain even at early time points of incubation ( Fig. 4C) , which explains why we only observe a mild resistance to azoles in this strain.
CaGPI12 is required for yeast to hyphal transition in C. albicans
The CaGPI12 conditional null also showed filamentation defects on solid as well as liquid Spider media ( Fig. 5A and B) . In permissive medium the strain should behave like the heterozygous strain. It forms hyphae in liquid but not on solid Spider media. We attribute this difference to the presence of Cys/Met in the Spider medium (or endogenous Cys/Met produced by the strain) that represses the MET3 promoter in the strain. The CaGPI12 conditional null did not form hyphae even after 24 h of induction in liquid Spider media (Fig. 5C ). The number of cells in yeast, pseudo-hyphae and hyphae after 90 min of induction in Spider broth at 37 • C are shown in Table 2 . In the CaGPI12 conditional null strain grown under repressive conditions, no pseudohyphae or hyphae formation was observed and all cells were in the yeast form. However, no significant alteration in the Ras-dependent cAMP/PKA activity was observed in the CaGPI12 conditional null (Fig. S5A and B, Supporting Information) . The reduced filamentation could not be attributed to defective PKC-dependent cell wall integrity signalling either since this pathway was upregulated in the CaGPI12 conditional null strain as shown earlier (Fig. S4D,  Supporting Information) . Hence, we examined the HOG1 pathway in the CaGPI12 conditional null strain. The levels of phosphorylated Hog1 were significantly higher in the CaGPI12 conditional null grown in repressive conditions as compared to the wild-type strain grown under similar conditions (Fig. 5D ). This ERG11 transcript levels are upregulated in CaGPI12 conditional null strain under repressive conditions. Transcript levels of ERG11 were analysed in BWP17-PADH1-GFP and Cagpi12/PMET3-CaGPI12 grown in SD media in permissive (M-C-) and repressive (M+C+) conditions. GAPDH was taken as the internal control. The experiment was done twice in triplicates. The average of the two experiments along with standard deviations is plotted. (C) Higher levels of R6G accumulate in the CaGPI12 mutant under repressive conditions. R6G influx assay of BWP17-PADH1-GFP and Cagpi12/PMET3-CaGPI12 was done in permissive (U-M-C-) and repressive (U-M+C+) conditions. The experiment was done twice in duplicates. The average of two experiments along with standard deviations is plotted.
correlated well with the resistance to KCl that was observed in this strain (Fig. 5E ) and to the nearly 2-fold enhancement in levels of SKO1, the downstream target of Hog1 (Fig. 5F ). Thus, the hyphal defect in the CaGPI12 conditional null correlates with an upregulation of the HOG1 pathway.
Reintroduction of CaGPI12 in the CaGPI12 conditional null can reverse its growth defect and restore de-N-acetylase activity
To make the CaGPI12 reconstituted strain (Cagpi12/P MET3 -CaGPI12-P ADH1 -CaGPI12), a wild-type copy of CaGPI12 was reintegrated into the CaGPI12 conditional null mutant at the RPS1 locus. This reversed the growth defect in the CaGPI12 conditional null even when grown in repressive medium whereas the vector alone could not (Fig. 6A) . Further, the de-N-acetylase activity was also restored in the CaGPI12 reconstituted strain as compared to the vector control strain (Fig. 6B) .
Introduction of ScGPI12 in CaGPI12 conditional null reverses the growth defect
To test whether ScGPI12 could functionally complement CaGPI12, it was introduced into the CaGPI12 conditional null mutant strain (Cagpi12/P MET3 -CaGPI12-P ADH1 -ScGPI12) and tested for rescue of growth. Due to differences in codon bias, a codonoptimised ScGPI12 variant (Cagpi12/P MET3 -CaGPI12-P ADH1 -ScGPI12 (CTG→CTA)) was also tested. While both variants could rescue the growth defect of the CaGPI12 conditional null, the codonoptimised variant of ScGPI12 could better rescue the growth defect (Fig. 6C ).
The conserved motifs HPDDE and HXXH are important for CaGpi12 activity
Like all PIG-L family of proteins, CaGpi12 has two highly conserved motifs: the HPDDE and the HXXH motifs (Fig. S2 , Supporting Information). To probe the importance of individual residues of these motifs, plasmids carrying mutant variants of CaGPI12 were used to transform the CaGPI12 conditional null. Reversal of the growth defect in the CaGPI12 conditional null was then examined. The CaGPI12 reconstituted strain (Cagpi12/P MET3 -CaGPI12-P ADH1 -CaGPI12) was used as the positive control, and the CaGPI12 conditional null transformed with the vector alone (Cagpi12/P MET3 -CaGPI12-P ADH1 -GFP) was taken as the negative control.
In the first conserved motif (HPDDE), mutation P78A showed a partial restoration in growth or a slow growth phenotype while those of H77A, D79A, D80A and E81A resulted in mutants that could not rescue the growth defect of the CaGPI12 conditional null (Fig. 6D) . In the second conserved motif (HPNH), both P191A and N192A mutants grow like the CaGPI12 reconstituted strain (Fig. 6D) . The CaGpi12 mutant carrying a H190A mutation showed a partial restoration of growth and a slower growth phenotype as compared to the CaGPI12 reconstituted strain, whereas that carrying H193A mutation showed a severe growth defect (Fig. 6D) . SKO1 transcript levels are upregulated in the CaGPI12 conditional null in repressive conditions. Transcript levels of SKO1 were analysed in BWP17-PADH1-GFP and Cagpi12/PMET3-CaGPI12 in permissive (M-C-) and repressive (M+C+) conditions. GAPDH was taken as the internal control. The experiment was done twice in triplicates. The average of two experiments along with standard deviations is plotted.
DISCUSSION
Studying enzymes of the GPI biosynthetic pathway are challenging for multiple reasons. Firstly, every single step appears to involve enzymes that are membrane proteins. Secondly, commercial substrates for all steps, other than the very first step of the pathway are unavailable. In addition, most are multisubunit enzymes and in most lower eukaryotes, including yeast and fungi, they appear to be essential for the growth of the organism (Orlean and Menon 2007; Hong and Kinoshita 2009; Komath et al. 2018) . Gpi12, the enzyme that catalyses the second step of the GPI biosynthetic pathway, is one of the few enzymes of the pathway that is not a multisubunit complex. Since it occurs early in the biosynthetic pathway and has its catalytic domain facing the cytoplasm, it has been the focus of many studies that have attempted to use it as drug target against eukaryotic pathogens. The first requirement for any such study is the characterisation of the enzyme itself.
The results from the present study show that CaGpi12 and ScGpi12 functionally complement each other. This is despite the fact that CaGpi12 has 50 extra residues and an extra putative transmembrane segment than ScGpi12. Our results also show that the hydrophobic stretches at the N-as well as C-termini of CaGpi12 are important for its function and none of the deletion constructs of CaGpi12 could rescue the ScGPI12 conditional null strain.
Since in vitro expression and purification studies in bacterial and yeast systems were unsuccessful, biochemical 50 ± 3 3 1± 2 1 9± 1 BWP17-P ADH1 -GFP 30 ± 6 3 9± 9 3 1± 7 Cagpi12/CaGPI12-P ADH1 -GFP 28 ± 3 3 4± 5 3 8± 2 Cagpi12/P MET3 -CaGPI12(M-C-) 66 ± 7 2 8± 1 6± 1 Cagpi12/P MET3 -CaGPI12(M+C+) 100 0 0
More than 100 cells were counted for an experiment done in duplicates for each strain and the percentages of each morphological form in the each set were calculated. The data mean from the duplicate sets along with standard deviations are shown above.
characterisation of CaGpi12 was done using C. albicans RER microsomes. The normal method used for obtaining microsomal preparations from S. cerevisiae results in inactive fractions when applied to C. albicans (Victoria, Kumar and Komath 2010) . Hence, the RER method was used to obtain microsomes for these studies. The RER fractions showed optimal de-N-acetylase activity at 30
• C, which is also the optimum temperature for C. albicans growth. Activity at 37
• C, the physiological temperature of host, was also high. This would favour production of GPI-anchored virulence factors that is required by C. albicans upon infection of the host. CaGpi12 optimally prefers a neutral pH range unlike the E. histolytica PIG-L (EhPIG-L), which prefers an acidic pH of 5.5 (Ashraf et al. 2011) . Unlike E. histolytica, which mostly infects the large intestine and caecum, C. albicans is either a skin/mucosal pathogen and in cases of systemic infection enters the human blood stream. These differences in their sites of infection probably explain the differences in their optimal pH for catalysis and suggest evolutionary differences in their active sites. CaGpi12 is extremely sensitive to divalent cation chelators and loses activity irreversibly upon treatment with EDTA. This would suggest that the enzyme requires a divalent cation either for its stability or for its function or both. was extremely sensitive to 1,10-phenanthroline, irreversibly losing activity once the metal ion is chelated (Urbaniak et al. 2005) . However, it is not clear whether this loss in activity is due to the importance of the cation to catalysis per se or whether it plays a role in the conformational stability of the enzyme. In contrast, full-length rat PIG-L, albeit in the presence of bound GroEL, was neither sensitive to the presence of metal chelators nor stimulated by Zn 2+ , preferring instead Ni 2+ , Mn 2+ , Co 2+ and Mg 2+ (Watanabe et al. 1999 and to a lesser extent by Zn 2+ (Ashraf et al. 2011 ).
The next challenge was to examine the role of conserved motifs in CaGpi12. For this, it became necessary to generate a C. albicans cell-based system wherein it would be possible to introduce various site-specific mutants and study them. Hence, heterozygous and conditional null strains of CaGPI12 were first generated and studied. Deleting a single allele of CaGPI12 in C. albicans did not affect the growth of the organism in any way, suggesting haplosufficiency of the gene. The heterozygous strain also did not yield any other distinct growth phenotype either. Downregulating the second allele of the gene, however, led to severe growth defects, cell death and loss of de-N-acetylase activity. This let us infer that CaGPI12 is an essential gene. These phenotypes could be reversed by reintegration of CaGPI12 in the conditional null strain, suggesting that they arose specifically due to the knockdown of CaGPI12.
The CaGPI12 conditional null and CaGPI12 reconstituted strains were exploited to study the importance of HPDDE and HXXH motifs to the function of CaGpi12. Each site-directed alanine mutant of the two conserved motifs was introduced in the CaGPI12 conditional null at the RPS1 locus and monitored for rescue of growth. These studies suggested that both conserved motifs were important for CaGpi12 functionality. Asp79, His77, Asp80 and His193 were unable to rescue the growth defect of CaGPI12 conditional null. Asp79 corresponds to the catalytic base, while His77, Asp80 and His193 in CaGpi12 correspond to metal binding residues identified in rat PIG-L and MshB (McCarthy et al. 2004; Urbaniak et al. 2005) . Pro78 seemed to be important for maintenance of the conformation of the active site since its replacement by a less restrictive Ala caused a weaker rescue of the growth defect of the CaGPI12 conditional null mutant. Glu81 too appeared to be important for the function of CaGpi12 although the corresponding Glu is proposed to be unimportant for activity in rat PIG-L as well as EhPIG-L (Urbaniak et al. 2005; Ashraf et al. 2013) . While these studies indicate a possible role for the two conserved motifs in the function of C. albicans Gpi12, in the absence of the isolated protein for analysis, it is unclear whether they serve a role in the conformational stability or catalytic activity of CaGpi12.
The CaGPI12 conditional null mutant showed mild resistance to azoles while the heterozygous strain showed no difference to the same. The mechanism of azole resistance could be because of the upregulation of ERG11 transcripts in the null mutant as seen in other GPI pathway mutants (Victoria et al. 2012; Singh et al. 2016.) . Also, because of the cell wall defects, we observed higher entry of R6G, which enters the cell by passive diffusion (Mansfield et al. 2010) like azole drugs in CaGPI12 conditional null under repressive conditions. Similar behaviour was observed in other GPI pathway mutants such as CaGPI14 (Singh et al. 2016) .
Additionally, the CaGPI12 mutant strains were phenotypically characterised in this study. It was observed that the knockdown of CaGPI12 resulted in cell wall defects as well as severe filamentation defects similar to those seen in other C. albicans GPI-deficient strains (Richard et al. 2002; Yadav et al. 2014; Singh et al. 2016) . Cell wall defects appear to be primarily responsible for the sensitivity that this strain showed to Nikkomycin Z. They also explain the enhanced PKC-dependent cell wall integrity signalling observed, resulting in higher levels of chitin in the cell wall of the mutants. Higher PKC signalling should normally have resulted in greater filamentation (Csank et al. 1998; Xie et al. 2016 ). Yet, the CaGPI12 conditional null strain is defective in filamentation. The repression in filamentation could not be explained by defective Ras signalling either. This is in contrast to what was observed in mutants of the first enzyme complex of the GPI biosynthetic pathway in C. albicans, where the Ras-dependent signalling pathway was seen to be Like wild-type pEGFP-CaGPI12, mutant alleles were integrated at RPS1 locus and tested for restoration of growth defect in CaGPI12 conditional null. The alanine substitution mutations H190A, P191A and N192A did not affect activity. Mutation P78A grew slower but was able to catch up at later time points, suggesting that this mutation did not critically affect function of CaGpi12. Mutants with H77A, D79A, D80A, E81A or H193A were unable to grow even when incubated for longer durations of time. The experiment was replicated with another set of mutant colonies and they gave the same results.
primarily responsible for the altered filamentation (Victoria et al. 2012; Yadav et al. 2014) . Instead, it appears to be due to higher than normal activation of the HOG1 pathway. There are reports to suggest that HOG1 activation represses hyphal growth in C. albicans (Alonso-Monge et al. 1999) . We also showed that activation of HOG1 is the most likely reason for reduced filamentation in another GPI biosynthetic mutant, the CaGPI14 conditional null (Singh et al. 2016) . That similar phenotypes are observed for mutants of very different steps of the pathway would suggest that this is a response resulting from a generic deficiency of GPIanchored proteins rather than due to reduction in activity of a specific enzyme in the pathway. Given that GPI-anchored proteins are an integral part of the cell wall, they are important for the physical integrity of the cell wall. In addition, many of them function as signal receptors to help the organism sense and respond to the extracellular environment. Thus, as we have argued elsewhere, any defect in GPI anchor biosynthesis or transport is expected to produce cell wall defects and alter the response of yeast/fungi to cell wall disrupting agents or osmotic stress (Komath et al. 2018 ).
In conclusion, this manuscript provides the first analysis of a crucial enzyme of the GPI anchor biosynthetic pathway in C. albicans. GPI12 has been validated as a drug target in protozoans, T. brucei and P. falciparum (Smith et al. 2001 (Smith et al. , 2002 . Studies done using substrate analogues have suggested significant differences in protozoan and mammalian enzymes, based on which trypanosoma-specific inhibitors have been designed (Smith et al. 2001; Urbaniak et al. 2014) . Detailed analysis of conserved residues of E. histolytica PIG-L has also suggested species-specific differences (Ashraf et al. 2013) . The results presented here suggest that targeting CaGpi12 would not only cause growth defects but it would also make it extremely susceptible to cell wall targeting drugs like Nikkomycin Z. Loss of CaGpi12 also makes C. albicans unable to transition to the hyphal and more invasive morphological form. This transition is crucial for successful systemic infection by C. albicans. In addition, loss in CaGpi12 would also cause a loss of GPI-anchored host-recognition molecules and virulence factors on the C. albicans cell surface. Thus, CaGpi12 could be an interesting drug target.
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